Vascular calcification, which causes occlusion and rupture of the vascular, is often observed in patients in the advanced stages of arteriosclerosis. One of the best procedures for inhibiting the accumulation of vascular calcification is to obstruct the differentiation of mesenchymal stem cells (MSCs) and/or vascular endothelial cells (VECs) in the vascular to osteoblasts. In this study, we evaluated the biochemical and genetic characteristics of the process of differentiation of MSCs and VECs to osteoblasts. C3H10T1/2 MSCs, TKD2 VECs and MC3T3-E1 preosteoblasts (POBs) were cultured in medium containing both hydrocortisone and glycerophosphate. These compounds showed strong effects promoting the differentiation of VECs as well as POBs, although the effect was weak in the MSCs. Moreover, C3H10T1/2 MSCs and TKD2 VECs were cultured in medium containing 10 mM retinol, after which the alkali phosphatase (ALP) activity of the MSCs and production of calcified nodules of TKD2 were significantly increased, whereas the marker genes for the osteoblasts were not. These results suggest that retinol does not have an effect in inducing the differentiation of VECs to osteoblasts, but rather exhibits a strong promoting effect on differentiation.
Introduction
Isomeric heart disease, one of the main causes of death in Japan, is induced by arteriosclerosis, and vascular cal-N. Shiomi, K. Watanabe 1057 cification is often observed in such patients. Vascular calcification enhances the risk of death, as it makes the blood vessels fragile and causes the occlusion and rupture [1] . In particular, an extremely dangerous state is introduced by vascular calcification in patients with chronic renal failure [2] [3] and type 2 diabetes [4] [5] . Therefore, inhibiting vascular calcification is most important for preventing these serious diseases. However, there are currently no effective inhibitors of vascular calcification, although many drugs and foods to prevent arteriosclerosis have been studied for long periods [6] [7] .
Recently, various causes of vascular calcification have been identified [8] - [10] . One such cause is the fragmentation of elastin [11] - [13] . Elastin is fragmented by inflammation and/or stress at sites of plaque in patients with arteriosclerosis. These fragments attract many calcium molecules, resulting in calcium deposition. Another cause of vascular calcification is the appearance of osteoblasts at sites of plaque. Previous researchers have reported that cartilage-or osteoblast-like tissue is observed in ApoE and Matrix Gla Protein knockout mice [14] as well as patients exhibiting arteriosclerosis [15] . As osteoblasts and cartilage are not present in normal blood vessels, these results suggest that MSCs (mesenchymal stem cells) and/or VECs (vascular endothelial cells) show vascular differentiation to osteoblasts. In addition, various researchers have studied the mechanisms and compounds promoting the differentiation of POBs, providing important information. For example, some proteins, ascorbic acid, hydrocortisone and dexamethasone [16] - [21] have been shown to stimulate the differentiation to osteoblasts. However, the mechanisms and compounds promoting the differentiation of MSCs and VECs have not been thoroughly investigated.
We therefore attempted to clarify the characteristics of the process of differentiation of MSCs and VECs. We selected hydrocortisone, β-glycerophosphate and retinol as promoting compounds and examined the effects of these agents on differentiation. Consequently, the results suggested that hydrocortisone and β-glycerophosphate strongly promote the differentiation of VECs to osteoblasts and that the induced cells produce a significant amount of calcified nodules. Moreover, retinol strongly aids the progression of osteoblast maturation.
Materials and Methods

Cell Lines, Media and Additives
Three murine cell lines, C3H10T1/2 MSC [22] , MC3T3-E1 POB [23] and TKD2 VEC [24] , were respectively obtained from ECACC CELL LINE (DS PHARMA BIOCHMICAL), Riken Bio Resource Center and JCRB Cell Bank. The cells were cultured in the following three media: 1) basic medium (DMEM), a mixture of Dulbecco's modified Eagle's medium and FBS at a ratio of 9:1, 2) osteoblast-inducing medium (OIM), DMEM containing 1% hydrocortisone and 1% β-glycerophosphate solutions supplied in Osteoblast Inducer Reagent (Takara Co. Ltd., Shiga, Japan), and 3) bone construction medium (BCM), a commercial medium (Code No. OGCMO) obtained from Cosmo Bio Co. Ltd. (Tokyo, Japan). Ascorbic acid or retinol was added to the OIM at a final concentration of 10 μM in order to examine their effects. To prepare the solutions, ascorbic acid and retinol were each dissolved in water and ethanol at a final concentration of 10 mM and filtered using a 0.2-μm sterilized filter. The culture was performed in a CO 2 incubator at 37˚C.
Culture Conditions
The culture conditions for differentiation were as follows. MC3T3-E1, C3H10T1/2 and TKD2 cells (2 × 10 4 cells) were respectively cultured in 25-cm 2 flasks containing 8 mL of DMEM, OIM and OIM consisting of 10 μM of ascorbic acid or OIM consisting of 10 μM retinol for five days, and the obtained cells (2 × 10 4 cells) from the MC3T3-E1 and TKD2 populations were subcultured for another five days (a total of 10 days of culture). For the C3H10T1/2 cells, the subculture was performed twice (a total of 15 days of culture).
The culture conditions for the analysis were as follows. Each type of cells (5 × 10 3 and 5 × 10 4 cells) obtained from the culture for differentiation were cultured in two 24-well culture plates and two 25-cm 2 flasks containing medium similar to that used for differentiation for three days. The cells cultured in 24-well plates were used for staining of the ALP activity and an analysis of the proportion of each cell type, and the cells cultured in two 25-cm 2 flasks were used to detect the ALP activity and gene expression, respectively. The cells (1 × 10 4 cells) obtained from the culture for differentiation were also cultured in 24-well culture plates containing 2 mL of BCM for 10 days by exchanging the medium every five days, and the wells were used to detect calcified nodules. A total of three or four independent experiments were performed, and the average values, SD and p-val-N. Shiomi, K. Watanabe 1058 ues were calculated.
ALP Activity and Calcified Nodules
Staining of the ALP activity was performed using a TRACP&ALP double-stain kit. Cells cultured in 24-well culture plates were washed twice with PBS, fixed with Fixation solution (45% acetone, 55% citrate buffer (pH 4.5) containing 10% methanol) for five minutes and washed twice with distilled water. The substrate for ALP was added and the mixture was incubated for two hours at 37˚C. The cells were washed three times with 700 μL of distilled water and observed under a microscope. Cells cultured in other 24-well culture plates were also stained according to a similar method, with the exception of the reaction time with the substrate for ALP, which was prolonged from two to 12 hours. The number of stained cells in total was calculated using four pictures obtained in randomly selected positions.
The activity of ALP was determined using the Labo Assay TMAP kit (Wako Chemical Co., Tokyo, Japan). Cells harvested from a 25-cm 2 flask were suspended in 100 µl of phosphate-buffered saline (PBS) and disrupted using an ultrasonic disrupter (TOMY SEIKO Co. Ltd., Tokyo, Japan) for 30 seconds under a strength of 8. A total of 5 µl of the solution was then used for the analysis of total proteins, while the rest was used for the analysis of the ALP activity. The concentration of total proteins was determined using a Protein Assay Kit (Bio-Rad Laboratories, Inc., Tokyo, Japan), and the activity levels were expressed as unit/μg-total protein.
Calcified nodules produced by osteoblasts were stained according to the following procedure with a Calcified Nodule Staining Kit (Primary Cell Co., Ltd., Hokkaido, Japan): Cells cultured in 24-well plates were washed three times with PBS. Methanol cooled to −20˚C (500 μL) was subsequently added to each well, and the cells were incubated for 20 minutes at 4˚C and then washed three times with 1 mL of water. Calcified nodules were stained using the substrate for staining (400 μL), which contained alizarin red S. The substrate was added to each well, and the cells were incubated for 10 minutes, after which the wells were washed three times with 1 mL of the wash buffer. The number of calcified nodules stained red by combining calcium and Alizarin red S was observed using a microscope.
Gene Expression
The total mRNA in the cells was purified, and cDNA was synthesized using an RNeasy Lipid Tissue Mini kit and QuantiTect Reverse Transcription Kit. The gene expression was determined using the real-time PCR method. The reaction mixture used for real-time PCR was prepared with a Rotor-Gene SYBR Green PCR Kit. Primers for β-actin, ESR2 (estrogen receptor 2), BMP2 (bone morphogenetic protein 2), RunX2 (Runt-related transcription factor 2), SP7, SP3, ATF4 (activating transcription factor 4), SOX5 and SOX9 were used for the QuantiTect Primer Assays. The three kits and primers were obtained from Qiagen K. K. (Tokyo, Japan). Real-time PCR was performed using the Rotor-GeneTM device (Qiagen K. K.). The reactions were performed for 80 cycles of treatment at 95˚C for five seconds and 65˚C for 30 seconds. The threshold line, Ct values and ΔΔCt values were determined using β-actin as the housekeeping gene (standard gene).
Results
Suitable Culture Conditions for Differentiation to Osteoblasts
We determined the culture conditions for differentiation to osteoblasts using MC3T3-E1 POBs. First, the ALP activity was examined, as the ALP activity is generally used as an indicator to estimate the primary stage of osteoblasts [25] . Based on the results of the preliminary tests, we selected the basic medium and culture time as DMEM containing hydrocortisone and glycerophosphate (OIM) and 10 days because the change in the ALP activity was most clearly observed under these conditions. MC3T3-E1 POBs cultured under these conditions were named "OB/POBs". The line for MC3T3-E1 in Figure 1 shows photographs of the stained cells, in which cells showing the ALP activity were stained dark blue using the TRACP&ALP double-stain kit. The OB/POBs exhibited a high ALP activity (lane B), whereas the POBs (cultured in DMEM for 10 days) displayed a very low ALP activity (lane A). The line for MC3T3-E1 in Figure 2 shows microscopic photographs of the POBs and OB/POBs. The shape of the stained cells among OB/POBs (lane B) changed to the typical shape of osteoblasts (star-like shape). These results suggest that hydrocortisone and glycerophosphate are effective in promoting the differentiation of POBs to the preliminary stage of osteoblasts. Next, the gene expression in the POBs and OB/POBs was examined using the real-time PCR method. The following 10 genes were used for the examination: four genes (ESR2, BMP2, RunX2 and SP7) expressed in the preliminary stage of osteoblasts, four genes (MSX2, DLX5, SP3 and ATFL4) expressed in the advanced stage of osteoblasts and two genes (SOX5 and SOX9) expressed in cartilage and osteoblasts [26] - [31] . C3H10T1/2 MSCs cultured in DMEM were used as standard cells, as POBs were differentiated from MSCs. Figure 3(A) shows the ratios of the expression levels observed in the POBs to those observed in the standard cells. The average expression levels in the BMP2, RunX2, SP7, MSX2, SOX5 and SOX9 genes in the MC3T3-E1 POBs were approximately 43,000, 3.7, 66, 24, 75 and 5.4 times higher than those observed in the standard cells, respectively. The ESR2 gene was also expressed at a low level, although it was not expressed in the C3H10T1/2 MSCs (data not shown in Figure 3 because the correct ratio could not be determined). Meanwhile, the expression levels of the DLX5 and SP3 genes were almost the same, while that of the ATFL4 gene was slightly decreased, respectively. Figure 3(B) shows the ratios of the expression levels in the OB/POBs to those observed in the POBs cells. The expression levels observed in the OB/POBs were similar or slightly lower than those ob- served in the POBs, whereas the ALP activity was significantly increased by the differentiation of the OB/POBs to POBs. These results suggest that the genetic characteristic of POBs are similar to those observed in the preliminary stage of osteoblasts and that the induction of the ALP activity occurs independently of the expression of the above genes.
Moreover, the conditions required to change the cells to the advanced stage were examined using OB/POBs. Calcified nodules stained red with Alizarin Red S using the Calcified Nodule Staining Kit were employed as an indicator of the advanced stage. When the OB/POBs were cultured in OIM, the cells were unable to produce calcified nodules (data not shown). These results suggest that some nutrients were inadequate to produce calcified nodules. Therefore, BCM (COSMO BIO INC.), instead of OIM, was used to induce the cells to the advantage stage. Figure 2 shows microscopic photographs of the calcified nodules obtained when the OB/POBs were cultured in BCM for 10 days. Calcified nodules (red staining), as shown in lane C along the line for MC3T3-E1, were observed in some places in the wells.
As the culture conditions for differentiation and the characteristics of the osteoblasts were successfully confirmed, we used these conditions and cells as positive controls for the next examination to estimate the degree of differentiation of MSCs and VECS to osteoblasts.
Characteristics of the Differentiation of MSCs
One of the candidate cells inducing osteoblasts in the vasculature is MSCs. Therefore, we examined the characteristics of the process of the differentiation of MSCs by applying the differentiation conditions obtained in Section 3.1. C3H10T1/2 MSCs were cultured in OIM for 15 days, and the proportion of cells showing the ALP activity was calculated every three days. The dyeing time was prolonged from two to 12 hours in this test because the ALP activity was much lower than that observed in the OB/POBs and a long reaction time (12 hours) was required to clearly distinguish between the stained and unstained cells. Figure 4 shows the ratio of the number of stained cells to the total number of cells. This ratio increased in proportion to the culture time, and 12.5% of the cells exhibited the ALP activity at a low level by 15 days of culture.
In this experiment, the culture time was determined to be 15 days. The line for C3H10T1/2 in Figure 1 shows photographs of the stained cells showing the ALP activity when C3H10T1/2 MSCs were cultured in DMEM or OIM for 15 days. The cells cultured in OIM were named "OB/MSCs". The C3H10T1/2 MSCs did not display the ALP activity (lane A), whereas the OB/MSCs did (lane B). However, the activity levels were much lower than those observed in the OB/POBs. The line for C3H10T1/2 in Figure 2 shows optical microscopic photographs of the C3H10T1/2 MSCs and OB/MSCs. The shape of the stained cells among the OB/MSCs changed from a normal shape (line A) to the typical shape of osteoblasts (line B).
Moreover, we examined whether the OB/MSCs were able to produce calcified nodules. The line for C3H10T1/2 in Figure 2 shows microscopic photographs of the OB/MSCs cultured in BCM for 10 days stained using the Calcified Nodule Staining Kit. Calcified nodules were observed in the wells of the OB/MSC cultures (lane C), but not the C3H10T1/2 MSC cultures. However, the number of calcium nodules was limited and the size of the cells was smaller than that observed in the OB/POBs. Next, the genetic characteristics of the OB/MSCs were examined. Six genes (ESR2, BMP2, RunX2, SP7, SOX5 and SOX9) expressed at a high level in the POBs were selected, and the levels of mRNA in the C3H10T1/2 and OB/MSCs were determined. Figure 5(A) shows the ratios of the expression levels in the OB/MSCs to those observed in the standard cells (C3H10T1/2 MSCs). Consequently, the expression levels of the BMP2, SP7, SOX5 and SOX9 genes in the OB/MSCs cells were slightly lower than those observed in the C3H10T1/2 cells, whereas that of RunX2 was slightly higher (the level of ESR2 could not be determined correctly because the expression was too faint).
These results suggest that the effects of hydrocortisone and glycerophosphate on the differentiation of MSCs to osteoblasts are much lower than those observed in OB/POBs, although they weakly and slowly promote the differentiation of MSCs.
Characteristics of the Differentiation of VECs
We also applied the differentiation conditions to the differentiation of VECs to osteoblasts, as VECs are another candidate cell. TKD2 VECs were cultured in DMEM or OIM for 10 days; the latter cells were named "OB/VECs." The line for TKD2 in Figure 1 shows photographs of the stained cells exhibiting the ALP activity. Both the TKD2 VECs and OB/VECs displayed a high ALP activity without induction (line A), and the activity observed in the VECs was as high as that observed in the OB/POBs. The expression of the ALP activity in TKD2 VECs may therefore be similar to that seen under actual conditions in sites of plaque, as VECs often show the ALP activity following stimulation with inflammation.
Moreover, the production of calcified nodules by the OB/VECs was analyzed. Figure 6 (A) and Figure 6 (B) show microscopic photographs of the plates stained with the Calcified Nodule Staining Kit, in which VECs and OB/VECs were respectively cultured in BCM for 10 days. A large number of calcium nodules were observed in the wells of the OB/VECs (lane B), whereas few calcified nodules were detected in the wells of the TKD2 VECs (lane A). In addition, the genetic characteristics of the OB/VECs were examined. Figure 5(B) shows the ratios of the expression levels in the OB/VECs to those observed in the standard cells (TKD2 VECs). The average expression levels of the ESR2, BMP2, RunX2, SP7, SOX5 and SOX9 genes in the OB/MSCs were 66, 47,124, 2,050 and 1.4 times higher than those observed in the standard cells.
These results suggest that hydrocortisone and glycerophosphate strongly promote the differentiation of VECs to osteoblasts.
Effects of Retinol and Ascorbic Acid on Differentiation
Finally, we searched for other compounds strongly promoting the differentiation of VECs. In the preliminary examination, C3H10T1/2 MSCs were cultured in OIM containing vitamins or compounds related to fat for 15 days, and the ALP activity was examined. Six vitamins (vitamins A, B6, C, D3, E and K) and three compounds (insulin, fatty acids and cholesterol) related to fat were used for screening, as vitamins are important factors required for the formation of bones [18] [19] and obese subjects exhibit vascular calcification at high rates [4] [5] . C3H10T1/2 MSCs were used for the screening test because the ALP activity was already found to be expressed in TKD2 VECs. Consequently, retinol and ascorbic acid enhanced the ALP activity, whereas the other compounds did not show any promoting effect (data not shown). Therefore, further examinations were performed focusing on ascorbic acid and retinol.
The effects of ascorbic acid were first examined. MC3T3-E1 POBs, C3H10T1/2 MSCs and TKD2 VECs were cultured in OIM containing 10 μM of ascorbic acid for 10 or 15 days, and the cultured cells were respectively named "OB-C/POBs", "OB-C/MSCs" and "OB-C/VECs". As shown in Figure 1 , ascorbic acid demonstrated a promoting effect in the POBs, as the color of staining in the OB-C/POBs (lane C) was much deeper than that observed in the OB/POBs (lane B). However, the color of the ALP activity in the OB-C/MSCs and OB-C/VECs was only slightly deeper (or almost the same) than that observed in the control strains (C3H10T1/2 and TKD2). Figure 7 shows the ALP activity determined using the LaboAssayTMAP kit. The degree of increase in the ALP activity in the OB-C/MSCs was only 6%. These results suggest that the promoting effects of ascorbic acid are weak in MSCs.
We next examined the effects of retinol on the C3H10T1/2 MSCs and TKD2 VECs. The cells were cultured in OIM containing 10 μM of retinol for 15 or 10 days, and the cultured cells were named "OB-A/MSCs" and "OB-A/VECs", respectively. The lines for C3H10T1/2 and TKD2 in Figure 1 show the ALP activity in the OB-A/MSCs and OB-A/VECs. The color of the ALP activity in the OB-A/VECs (lane D) was almost the same as that observed in the OB/VECs (lane B), as the VECs showed a high activity. On the other hand, the ALP activity in the OB-A/MSCs was significantly increased in comparison (lane D); the activity was approximately nine times higher than that seen in the OB/MSCs, as shown in Figure 7 . These results suggest that the promoting effects of retinol on differentiation were highest among the seven compounds.
Hence, the effects of retinol on the production of calcified nodules were examined using OB-A/MSCs and OB-A/VECs. Figure 6(C) shows the calcium nodules observed in the wells of the OB-A/VECs cultured in BCM for 10 days. The number of calcified nodules produced by the OB-A/VECs was remarkably increased compared to that produced by OB/VECs, and the size of the nodules was much larger. However, the amount of calcified nodules produced by the OB-A/MSCs was only slightly greater than that produced by the OB/MSCs (data not shown), as the efficiency of OIM in promoting the differentiation of MSCs was very low.
Finally, the effects of retinol on the gene expression were examined. Figure 5(C) shows the ratios of the gene expression levels in the OB-A/VECs to those observed in the OB/VECs. The expression levels in the OB-A/ Figure 7 . Effects of retinol and ascorbic acid on the ALP activity. C3H10T1/2 cells were cultured in OIM (none), OIM containing 10 μM of ascorbic acid (VC) and OIM containing 10 μM of retinol (VA). Bars: mean ± SD. ** P < 0.01 vs. control (n = 4).
VECs were lower than those noted in the OB/VECs, and retinol did not have a positive effect on the gene expression.
Discussion
Vascular calcification at sites of arteriosclerosis often causes serious symptoms. Therefore, inhibiting this process is important for preventing serious symptoms. In this study, we sought to elucidate the characteristics of the process of differentiation of MSCs and VECs to osteoblasts in order to obtain important information regarding the onset of vascular calcification. Consequently, our results suggest the following novel ideas.
First, the culture conditions for differentiation to osteoblasts and characteristics of osteoblasts were determined using MC3T3-E1 POBs. OB/POBs, cells induced by culture in medium containing hydrocortisone and glycerophosphate, showed a high ALP activity, although the POBs alone did not exhibit these characteristics (Figure 1) . These results suggest that hydrocortisone and glycerophosphate have a promoting effect on the differentiation of POBs to osteoblasts. The promoting effects of these two compounds have been previously documented in other studies using other types of POBs [20] [21], and our results support these findings. Moreover, we estimated the genetic characteristics of POBs and OB/POBs because there were currently few genetic studies on MC3T3-E1 POBs. In this study, MC3T3-E1 POBs expressed the BMP2, RunX2, SP7, SOX5 and SoX9 genes (marker genes observed in the primary stage of osteoblast maturation) at high levels, and the levels of these genes were not enhanced by the differentiation of POBs to OB/POBs (Figure 3(A) and Figure 3(B) ). These results suggest that the effect of hydrocortisone and glycerophosphate is to induce cells to differentiate to the primary stage of osteoblasts.
Next, we estimated the characteristics of MSCs and VECs with respect to their differentiation to osteoblasts by applying the conditions obtained with the POBs. Figure 1, Figure 2, Figure 4 and Figure 5 show the effects of hydrocortisone and glycerophosphate on the differentiation to C3H10T1/2 MSCs and TKD2 VECs. The efficiency of differentiation observed in the TKD2 VECs was much higher than that observed in the C3H10T1/2 MSCs. Moreover, the expression patterns of the genes in the OB/VECs were similar to those observed in the POBs, and the ESR2 and BMP2 genes, which were important for confirming the presence of osteoblasts [27] [30] [31] , were highly expressed in the OB/VECs. Therefore, we speculate that hydrocortisone and glycerophosphate function as strong promoting compounds for the differentiation of VECs and that the appearance of osteoblasts in the vasculature may be primarily caused by VECs.
Finally, the effects of retinol on differentiation were examined. As shown in Figure 1, Figures 5-7 , retinol exhibited a strong promoting effect on the differentiation of C3H10T1/2 MSCs and TKD2 VECs to osteoblasts. In particular, the effects on TKD2 VECs were strong, and large amounts of calcified nodules were produced by the OB-A/VECs, although retinol did not enhance the expression levels of the marker genes related to osteoblasts ( Figure 5(C) ). These results suggest that retinol is a strong promoting compound of differentiation, although the function of retinol may not be to stimulate differentiation, but rather simply provide assistance to the process of differentiation. The current results for retinol provide important information regarding vascular calcification, as few report have demonstrated the promoting effects of retinol on the differentiation of VECs. Moreover, adequate cell lines and procedures to study the differentiation of VECs to osteoblasts have not been developed, and this area of research is thus lacking. The procedure used to differentiate MSCs and VECs in this study is useful for such research and is expected to become an important model. Indeed, we are now searching for effective inhibitors of differentiation to prevent vascular calcification using our procedure and will report the results in our next manuscript.
